A critical role of the amyloid precursor protein (APP) in Alzheimer's disease (AD) pathogenesis has been well established. However, the physiological function of APP remains elusive and much debated. We reported previously that the APP family of proteins is essential in mediating the developing neuromuscular synapse. In the current study, we created a conditional allele of APP and deleted APP in presynaptic motor neuron or postsynaptic muscle. Crossing these alleles onto the APP-like protein 2-null background reveals that, unexpectedly, inactivating APP in either compartment results in neuromuscular synapse defects similar to the germline deletion and that postsynaptic APP is obligatory for presynaptic targeting of the high-affinity choline transporter and synaptic transmission. Using a HEK293 and primary hippocampus mixed-culture assay, we report that expression of APP in HEK293 cells potently promotes synaptogenesis in contacting axons. This activity is dependent on neuronal APP and requires both the extracellular and intracellular domains; the latter forms a complex with Mint1 and Cask and is replaceable by the corresponding SynCAM (synaptic cell adhesion molecule) sequences. These in vitro and in vivo studies identify APP as a novel synaptic adhesion molecule. We postulate that transsynaptic APP interaction modulates its synaptic function and that perturbed APP synaptic adhesion activity may contribute to synaptic dysfunction and AD pathogenesis.
Introduction
Alzheimer's disease (AD) is the most common form of dementia in aged population. It is characterized by the deposition of ␤-amyloid plaques, of which the principal components are 40 and 42 aa ␤-amyloid peptides (A␤) derived from proteolytic processing of the amyloid precursor protein (APP). Although ␤-amyloid plaques form the pathological hallmark of AD, loss of synapses is known to correlate closely with cognitive impairment. As such, it is widely accepted that synaptic dysfunction is an early and causal event in the pathogenesis of AD (for review, see Selkoe, 2002) . Because of the pivotal role of APP in AD, it is essential to understand its physiological function, particularly its potential activity in synaptic regulation.
APP represents a family of conserved type I membrane proteins including APL-1 in Caenorhabditis elegans, APP-like (APPL) in Drosophila, and APP, APP-like protein 1 (APLP1), and APLP2 in mammals. Full-length APP undergoes sequential processing to generate APP extracellular and intracellular derivatives in addition to A␤ peptides (for review, see Zheng and Koo, 2006) . Structural analysis revealed that the extracellular domains could form parallel or antiparallel dimers (Wang and Ha, 2004; Gralle et al., 2006) . Cell culture studies also support the homodimer or heterodimer formation of the APP family members (Soba et al., 2005; Kaden et al., 2008) . Significantly, the trans-dimerization of APP proteins has been reported to promote cell-cell adhesion (Soba et al., 2005; Kaden et al., 2008) .
APP is highly expressed in neurons and can also be detected in numerous other tissues including the muscle. Neuronal APP undergoes rapid anterograde transport and is targeted to the presynaptic terminals (for review, see Zheng and Koo, 2006) . APP can also be delivered to the somatodendritic compartments, and a recent report provides evidence that APP colocalizes with PSD95 and interacts with the NMDA receptor (Hoe et al., 2009) .
Mice deficient in APP are viable exhibiting impairment in synaptic plasticity and spatial learning and memory (Zheng and Koo, 2006) . The subtle phenotypes observed in APP-null mice are in part attributable to genetic redundancies. Our analysis of APP/APLP2 double knock-out (dKO) mice identified an essential role for the APP family of proteins in neuromuscular synapse patterning (Wang et al., 2005) . Specifically, the dKO animals exhibit poorly formed and diffused neuromuscular synapse structure with reduced apposition of presynaptic and postsynaptic proteins and defective synaptic transmission (Wang et al., 2005) . Our follow-up investigation suggests that this is likely attributable to a potent role of APP in regulating the presynaptic expression and activity of the high-affinity choline transporter (CHT), a molecule that mediates the rate-limiting step of cholinergic synaptic transmission, in both the peripheral neuromuscular junction and central cholinergic neurons (Wang et al., 2007) .
By creating mice with tissue-specific deletion of APP, we reveal here that presynaptic and postsynaptic APP coordinate to mediate neuromuscular synapse assembly, and, significantly, this transsynaptic mechanism may underlie APP function in central synapse as well.
Materials and Methods
Antibodies and reagents. Anti-neurofilament (NF), anti-MAP2, anti-CHT, anti-Mint1, anti-calcium/calmodulin-dependent serine protein kinase (Cask), and 22C11 antibodies were purchased from Millipore Bioscience Research Reagents; anti-synaptophysin and anti-SV2 antibodies were from Dako and Developmental Studies Hybridoma Bank, respectively; and anti-Flag antibody was from Sigma-Aldrich. The antirabbit monoclonal APP antibody used for immunostaining recognizes the C-terminal sequence of APP containing the YENPTY motif and was available from Epitomics (clone Y188). The polyclonal anti-APP C-terminal antibody APPc was described previously (Wang et al., 2007) . ␣-Bungarotoxin (␣-BTX) was from Invitrogen.
DNA constructs. The human full-length APP (695 form), APP⌬C, and APPc99 in pcDNA3 vectors were described by Wang et al. (2007) . APP extracellular deletion constructs were generated from the full-length cDNA by PCR and site-directed mutagenesis. Amino acids 22-189 and 289-500 of APP were excised to generate APP⌬E1 and APP⌬E2 construct, respectively. To generate a glycosyl phosphatidylinositol (GPI)-anchored form of APP, the entire APP extracellular sequence was fused with exon 5 of mouse AchE (acetylcholine esterase), which encodes the 43 C-terminal amino acid residues including the signal for GPI modification. To construct the APP/synaptic cell adhesion molecule (SynCAM) chimera, the entire cytoplasmic tail of APP (amino acids 649-695) was replaced by the intracellular sequences of SynCAM1 (amino acids 428-474), which was amplified by reverse transcription (RT)-PCR of mouse brain RNA.
For constructing lentiviral expression vectors, the following primers were used to amplify the cDNAs from their pcDNA3-based vectors by PCR. The amplified fragments were subsequently cloned into the lentiviral shuttle vector FUGW(cmv)-RBN at NheI and PacI sites : APP FL and APPc99, 5Ј-ATGCTAGCGCCACCATGCTGCCCG-GTTTGGCA-3Ј; NheI; 5Ј-GATTAATTAACTAGTTCTGCATCTGCT-CAAAGAA-3Ј; PacI; APP⌬C, 5Ј-ATGCTAGCGCCACCATGCTGC-CCGGTTTGGCA-3Ј; 5Ј-GATTAATTAACTACTTCAGCATCACCAA-GGTGAT-3Ј; APP/SynCAM, 5Ј-ATGCTAGCGCCACCATGCTGCCC-GGTTTGGCA-3Ј; 5Ј-GATTAATTAACTAGATGAAGTACTCTTTCT-TTTCTTCGGAG-3Ј. Mint1 and Cask constructs were kindly provided by Dr. Tom Südhof (Stanford University School of Medicine, Stanford, CA). To construct expression vectors for bimolecular fluorescence complementation (BiFC) analysis, the N-terminal 172 aa of YFP (nYFP) or the C-terminal 173-238 aa of YFP (cYFP) from the Venus-nYFP or Venus-cYFP vectors (Chen et al., 2007) were amplified by PCR and cloned into the C-terminal end of APP, and both the N terminus and the C terminus of Mint1 and Cask as in-frame fusion proteins. APP constructs with YENPTY motif deletion were generated with site-directed mutagenesis kit (Stratagene). The final constructs were verified by DNA sequencing.
Mouse production, breeding, and genotyping. The creation of APP conditional allele is described in supplemental Methods (available at www. jneurosci.org as supplemental material). These mice, as well as all other animals used for this study, have been backcrossed onto C57BL/6J background for six generations. The neuronal double conditional knock-out (N-dCKO) and muscle double conditional knock-out (MdCKO) mice were generated by crossing onto the APLP2-null background and from the following breeding: APP fl/ϩ ; APLP2 Ϫ/Ϫ ϫ Cre; APP fl/ϩ ; APLP2 Ϫ/Ϫ 3 APP ϩ/ϩ ; APLP2 Ϫ/Ϫ (control), Cre; APP fl/fl ; APLP2 Ϫ/Ϫ (N-dCKO or M-dCKO). The APLP2 genotyping was described previously (von Koch et al., 1997) . The wild-type (WT) and APP floxed allele were identified by PCR using the following primers: p1, 5Ј-GAC CAT CCA GAA CTG GTG CAAG-3Ј, and p2, 5Ј-TCC CCC AGG CTT GGG ATA CAC ATT A-3Ј.
The two primers amplify the following: WT allele, 443 bp; floxed (fl) allele, 503 bp because of insertion of loxP and restriction sites.
The Nestin-Cre and Mck-Cre transgenic mice were identified by PCR using the following primers, which amplify a 791 bp fragment: CRE-F, 5Ј-GGC GTT TTC TGA GCA TAC CTG GAA-3Ј; and CRE-R, 5Ј-CAC CAT TGC CCC TGT TTC ACT ATC-3Ј.
For embryonic analysis, timed mating was set up, and the day when a vaginal plug was observed was considered to be embryonic day 0.5 (E0.5).
All animal experiments were performed in accordance with the Baylor College of Medicine Institutional Animal Care and Use Committee and with national regulations and policies.
Immunofluorescence staining. Whole-mount immunostaining of the diaphragm muscle and quantification of neuromuscular phenotypes were performed as described (Wang et al., 2005) . For muscle APP immunostaining, the stenomastoid muscles fixed overnight in 4% paraformaldehyde were isolated, frozen in OCT (Triangle Biomedical Sciences), and cryosectioned at 20 m longitudinally. Sections were permeabilized with 0.1% Triton X-100 in PBS (PBST) for 30 min, blocked with 3% BSA and 4% goat serum in PBST for 1 h, and incubated with the APP rabbit monoclonal antibody Y188 (1:250) in PBST with 4% goat serum at room temperature for 30 min and then continued at 4°C for overnight. Sections were then washed six times for 5 min each in PBS and incubated with Alexa 555-conjugated goat anti-rabbit secondary (1:1000) and Alexa 488-conjugated ␣-BTX (1:1000) in PBST with 2% goat serum for 3 h. Sections were again washed six times for 5 min each in PBS and then mounted with Fluoromount-G mounting medium. Confocal images were obtained with a Zeiss 510 laser-scanning microscope, and quantification was done using the ImageJ program from National Institutes of Health.
Electrophysiology. Synaptic transmission of neuromuscular junction (NMJ) was examined at 28 Ϯ 0.5°C using intracellular recordings on acutely isolated phrenic nerve-diaphragm preparations at postnatal day 0 (P0) to P2. Muscles were dissected in ice-cold oxygenated normal Ringer's solution containing the following (in mM): 116 NaCl, 4.5 KCl, 1 MgSO 4 , 23 NaHCO 3 , 1 NaH 2 PO 4 , 11 dextrose, 2 CaCl 2 , pinned onto a Sylgard-coated recording chamber, and continuously superfused with oxygenated Ringer's solution at a rate of 2 ml/min. Sharp glass microelectrodes with resistance that ranged from 15 to 25 M⍀ were filled with 3 M KCl. Miniature endplate potentials (mEPPs) were recorded in normal Ringer's solution containing 2.3 M -Conotoxin GIIIB (Bachem) to selectively block muscle voltage-gated sodium channels and, therefore, muscle contraction. Data were collected with a MultiClamp 700B amplifier, digitized at 10 kHz, and recorded to a computer using pClamp 9 software (Molecular Devices). Off-line data analysis was performed using Clampfit 9 (Molecular Devices), MiniAnalysis (Synaptosoft), and OriginPro 7.5 (OriginLab).
Primary hippocampal/HEK293 mixed culture. The preparation of primary hippocampal culture and coculture for synaptic puncta quantification were performed essentially as described previously (Biederer and Scheiffele, 2007) . Briefly, primary hippocampal cultures were prepared from P0 C57BL/6J mice. Dissected hippocampi was suspended in trypsin-EDTA for 15 min at 37°C, washed three times with Ca 2ϩ -Mg 2ϩ -free HBSS, and triturated with a fire-polished glass pipette to dissociate the cells. Cells were resuspended in serum-free Neurobasal medium with B27 supplement (Invitrogen) and plated onto 12 mm coverslips pretreated with poly-D-lysine (5 g/ml; Sigma-Aldrich) at a density of 30,000 cells/cm 2 . HEK293 cells were transiently cotransfected with neuroligin 1 (NL1) or APP together with green fluorescent protein (GFP) at 10:1 molar ratio. After 24 h, the transfected cells were seeded at 30,000 cells/cm 2 to the above hippocampal neurons cultured for 6 -7 d in vitro. Forty-eight hours later, the cultures were fixed and stained with an antisynaptophysin antibody (1:500; Dako) followed by incubation with the Alexa Fluor 594-conjugated secondary antibody. The cells were also counterstained with an anti-MAP2 antibody (1:1000; Millipore Bioscience Research Reagents), and the MAP2-negative synaptic puncta were selected for the quantification of heterologous synapse formation. Synapses were identified by the punctuate structures atop cocultured HEK293 cells and quantified by confocal microscopy followed by ImageJ analysis.
Lentiviral infection. The production of recombinant lentivirus was done by cotransfection of the expression vector FUGW(cmv)-APP, the packaging vector CMV⌬8.9 and pVSVG into HEK293T cells by Lipofectamine 2000 (Invitrogen). HEK293 cells were split 1 d before the transfection and were ϳ70 -80% confluent on the day of transfection. The DMEM culture medium was replaced with neuronal culture medium (Neurobasal containing 1ϫ B27 and 0.5 mM L-glutamine) before the transfection. For each T75 flask, 10 g of FUGW(cmv)-APP, 7.5 g of CMV⌬8.9 and 5 g of pVSVG plasmid were used for transfection. Sixty hours after transfection, the supernatant was collected and filtered with 0.45 m filter, aliquoted, and stored in Ϫ80°C. Hippocampal neurons were infected 1 d after plating using unconcentrated viral supernatant (ϳ50 -100 l/ml media). Five to 6 d later, one-half of infected neurons were cocultured with HEK293 cells expressing APP and GFP as described above. The APP-expressing neurons and axons were identified by GFP fluorescence. The other one-half was used for Western blot analysis of APP expression using the APPc antibody.
Western blotting and biotinylation. Mouse brain, spinal cord, or muscle samples or cultured neuron or HEK293 cells were homogenized using RIPA lysis buffer (1% NP-40, 50 mM Tris, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA) containing Complete protease inhibitor mixture (Roche). After three sets of 10 pulses of sonication, the homogenates were spun at 14,000 rpm for 15 min. Protein concentrations were determined using Bio-Rad DC Protein Assay. Ten micrograms of protein were loaded on a 10% SDS-PAGE gel run at 100 V for 2 h at room temperature and transferred onto a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h. Membranes were blocked 1 h using 5% nonfat dry milk in PBS containing 0.1% Tween 20 (PBS-Tween) (SigmaAldrich). Primary antibody incubation was done in 5% milk in PBSTween. After three washes with PBS-Tween, secondary antibody application was performed at room temperature for 1 h using 5% milk in PBS-Tween followed by three additional washes with PBST. Bands were visualized using Immobilon Western ECL system (Millipore).
For biotinylation of surface proteins, HEK293 cells were transiently transfected with the APP constructs. Cells were washed with ice-cold PBS containing 1.0 mM MgCl 2 and 0.1 mM CaCl 2 (PBS/Ca-Mg) and treated with sulfo-NHS-SS-biotin (1.5 mg/ml; Pierce) for 1 h on ice in PBS/Ca-Mg. Biotinylating reagents were removed by incubating with cold 100 mM glycine in PBS/Ca-Mg for 30 min, followed by three washes with cold PBS/Ca-Mg. Cells were then lysed in 1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) lysis buffer containing 50 mM Tris, pH 7.4, 150 mm NaCl, and protease inhibitors (Roche). Biotinylated and nonbiotinylated proteins were separated by incubation with Ultralink-Neutravidin bead (Pierce) for 1 h at room temperature. Samples were subject to Western blot analysis as described above.
Results
Presynaptic and postsynaptic APP are both required for neuromuscular synapse patterning We generated a conditional allele of APP by inserting two loxP sequences flanking exon 3 of the APP gene (supplemental Methods and Fig. S1 , available at www.jneurosci.org as supplemental material). The neomycin-resistant gene, inserted in intron 2 and also flanked by the loxP sequences, was first removed by partial Cre-recombinase-mediated recombination on crossing with a weak germline deleter CMV-Cre (line B6) (Papaioannou and Behringer, 2005) , creating an exon 3 floxed allele (fl) (supplemental Fig. S1 A, available at www.jneurosci.org as supplemental material). As predicted, insertion of the loxP sites surrounding the exon 3 did not affect APP expression (fl/fl) (supplemental Fig.  S1C , available at www.jneurosci.org as supplemental material), whereas removal of exon 3 and neo by a complete germline deleter GDF9-iCre (⌬E3) (supplemental Fig. S1 A, available at www. jneurosci.org as supplemental material) disrupted the reading frame and resulted in a null allele (⌬E3/⌬E3) (supplemental Fig.  S1C , available at www.jneurosci.org as supplemental material) (Lan et al., 2004) . The floxed APP allele was used for subsequent tissue-specific knock-out experiments.
To address whether the function of APP in NMJ was mediated through a presynaptic or postsynaptic mechanism, we created mice with specific deletion of APP in presynaptic motor neurons [neuronal conditional knock-out (N-CKO)] or in postsynaptic muscle [muscle conditional knock-out (M-CKO)] by crossing the floxed APP allele with transgenic mice expressing the Crerecombinase under the neuronal rat nestin promoter (Nestin-Cre) (Tronche et al., 1999) or the muscle creatine kinase promoter (Mck-Cre), which have been shown to lead to almost complete inactivation of target genes in motoneuron or muscle, respectively (Schwander et al., 2004; Tang et al., 2004) . Because profound NMJ defects can be identified in APP/APLP2 double-null animals, we subsequently crossed the APP N-CKO and M-CKO mice onto APLP2-null background to create neuronal or muscle double conditional knock-out (N-dCKO or M-dCKO), respectively. Littermate APLP2-null mice were used as controls as no overt NMJ defects can be detected in these animals (Wang et al., 2005 (Wang et al., , 2007 . Western blot analysis showed that, indeed, the APP protein was dramatically diminished in the spinal cord, but not in the muscle of N-dCKO mice ( Fig. 1 A) . Similarly, crossing with the Mck-Cre line led to a greatly reduced APP expression in the muscle, but not the spinal cord ( Fig. 1 A) . The residual expression in M-dCKO muscle samples is likely attributable to APP expressed in the nerve terminals.
APP has been shown to be enriched in the endplates of the adult muscle (Akaaboune et al., 2000) . Since our studies identified a prominent role of APP proteins in the developing neuromuscular synapse, we sought to examine the APP localization in P0 NMJ. Importantly, the creation of motoneuron or muscle APP conditional knock-out mice allows us to distinguish the APP expressed from postsynaptic and presynaptic compartments, respectively. We performed immunostaining of P0 stenomastoid muscle sections using various anti-APP antibodies. Staining of APP-null and APP/APLP2 dKO tissues showed that most of the antibodies yielded background staining indicating cross-reactivity with other nonspecific proteins (data not shown). Nevertheless, we were able to identify a rabbit monoclonal antibody (Y188) that was highly specific for APP as shown by minimum background in APP-null muscle (data not shown) and no signal in dKO samples (Fig. 1 B) . The specificity of the antibody was further established in primary neuronal cultures and in transfected cells (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Immunostaining using this antibody showed that APP was highly concentrated at acetylcholine receptor (AchR)-positive sites in control, N-dCKO, and M-dCKO muscles ( Fig. 1 B) . Significantly, APP immunoreactivity was reduced by ϳ50% in both the neuronal and muscle conditional knock-out samples (Fig. 1C ). These results demonstrate that neuronal and muscle synthesized APP are targeted to the presynaptic and postsynaptic sites at 1:1 stoichiometry.
Consistent with positive expression of APP in both presynaptic and postsynaptic terminals, whole-mount staining of P0 stenomastoid muscles with an anti-synaptophysin (Syn) anti-body and ␣-BTX, which marks presynaptic terminals and postsynaptic AchRs, respectively, demonstrated that inactivation of APP/APLP2 in either the motor neuron (N-dCKO) or the muscle (M-dCKO) resulted in diffused patterning of the presynaptic and postsynaptic terminals similar to that of germline APP/ APLP2 dKO mice (Fig. 2 A) . These were associated with excessive nerve terminal sprouting identified by neurofilament staining (Fig. 2 A, NF). These results establish that both presynaptic and postsynaptic APP expression is required for proper patterning of the developing NMJ. Intriguingly, quantitative comparison of neuronal and muscle conditional deletion with the dKO animals on average endplate band width (Fig. 2 B) , distribution ( Fig. 2C ), and number (Fig. 2 D) all showed that, whereas the N-dCKO mutant exhibited a partial phenotype (differences between N-dCKO and dKO were statistically significant), the degree of NMJ defect in M-dCKO was not statistically different from APP/ APLP2 dKO in all the measurements. As such, postsynaptic APP/ APLP2 deletion apparently leads to a more severe NMJ defects compared with the motor neuron inactivation. Closer examination of the synapse at higher resolution ( Fig. 2 E) and quantification of the apposition of synaptophysin-positive staining with AchRs ( Fig. 2 F) also showed lower coverage of the presynaptic marker with postsynaptic endplates in both neuronal and muscle conditional mutants (Fig. 2 E, arrowheads) with M-dCKO exhibiting a more severe phenotype. This is associated with extrasynaptic expression of synaptophysin in all mutant animals ( Fig. 2 E,  arrows) .
Nestin-Cre is known to be expressed in neural progenitors, which results in inactivation of target genes in all neuronal types as well as in glia (Tronche et al., 1999) . To establish that the neuromuscular phenotypes seen in N-dCKO animals are specifically caused by the loss of APP in spinal cord motor neurons, we crossed the APP floxed allele with a strain of knock-in mice that expresses the Cre-recombinase under the choline acetyltransferase (ChAT) promoter (Chat
tm1(cre)Lowl
) and confers cholinergic-specific neuronal expression (http://jaxmice.jax.org/strain/006410.html). On crossing onto the APLP2-null background, we show that NMJ defects similar to that of N-dCKO animals can be readily detected (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material).
Postsynaptic APP is required for presynaptic CHT targeting and spontaneous vesicle release
The requirement for both presynaptic and postsynaptic APP expression in neuromuscular synapse assembly could result from independent APP activities in these two compartments or APP-APP interaction across the synapse. Since intercellular APP dimerization has been previously documented (Soba et al., 2005) , and our immunostaining demonstrated the presence of APP in presynaptic and postsynaptic compartments at ϳ1:1 stoichiometry, we favor the transsynaptic APP interaction as the functional modality. This model, contrasting to the independent mode of action mechanism, posits that presynaptic structure and function is dependent on postsynaptic APP expression and vice versa. We chose to perform immunostaining and functional recording to test this prediction. We reported previously that APP plays a potent role in regulating the localization and activity of the highaffinity CHT, a presynaptic protein that recycles choline from the synaptic cleft back to presynaptic terminals, and that defective CHT localization to presynaptic terminals in the absence of APP represents a primary effect rather than secondary to nerve sprouting or impaired synaptic transmission (Wang et al., 2007) . As such, CHT serves as a unique presynaptic marker to test its dependency on postsynaptic APP expression. We performed immunohistochemical staining of CHT in the NMJ of N-dCKO and M-dCKO mutants (Fig. 3) . In control NMJ, CHT was predominantly localized to presynaptic terminals and was closely apposed to the postsynaptic AchRs. In NMJs of APP/APLP2 double-null (dKO) animals, the coverage of AchR-positive endplates by CHT was greatly reduced, and this phenotype was shared in both the neuronal and muscle conditional knock-out NMJ (Fig. 3A, quantified in B) . Furthermore, consistent with the general NMJ characterization, postsynaptic deletion led a more severe CHT impairment compared with the neuronal knock-out mutant (Fig.  3B ). These data demonstrate that postsynaptic APP expression is obligatory for proper presynaptic targeting of CHT. This activity is likely mediated through neuronal APP as N-dCKO mice showed similar defects.
Above studies using both general synaptic markers and cholinergic specific protein CHT demonstrate that postsynaptic APP deletion leads to a more severe impairment compared with the presynaptic counterpart. We reasoned that quantitative differences in presynaptic and postsynaptic knock-out mutants could be attributed by the neuronal specific expression of APLP1 since, in adult tissues, APP and APLP2 are known to be ubiquitously expressed, whereas APLP1 is considered a neuronal specific protein. Whether this applies to neonatal stage has not been established. We thus performed RT-PCR analysis of APP, APLP1, and APLP2 expression in the brain, spinal cord, and muscle samples of P0 neonates (Fig. 3C ). As expected, APP and APLP2 expression could be detected in all three tissues. In contrast, whereas APLP1 was readily detected in the brain and spinal cord, it was absent in the muscle (Fig. 3C ). As such, expression of APLP1 in N-dCKO, but not M-dCKO mutant could partially compensate for the loss of APP and APLP2 (further discussed and illustrated in Fig. 5E ).
We reported that mice lacking APP/ APLP2 exhibit defective spontaneous mEPP frequency while preserving mEPP amplitude (Wang et al., 2005) , indicating a functional deficit in presynaptic terminals. Having established an essential role of postsynaptic APP in mediating presynaptic CHT targeting, we next sought to determine whether postsynaptic APP deletion leads to functional deficits in presynaptic vesicle release by performing sharp-electrode intracellular recordings of P0 diaphragm muscle fibers of N-dCKO and M-dCKO mutant animals (Fig. 4) . Consistent with results obtained using APP/APLP2 dKO animals (Wang et al., 2005) , dramatically reduced mEPP frequency was observed in both N-dCKO and M-dCKO mice when compared with the littermate APLP2-null controls (Fig. 4 B) , whereas mEPP amplitudes of sampled fibers were similar (Fig. 4C) . These data suggest a functional deficit in presynaptic terminals resulting from either motor neuron or muscle APP deficiency. Of note, we did not observe quantitative differences in N-dCKO and M-dCKO animals. This could be attributable to the limitations of experimental sensitivity associated with the specific assays.
Developmental studies of APP expression and neuromuscular phenotypes
The above studies demonstrate an essential requirement for both presynaptic and postsynaptic APP expression in neuromuscular synapse assembly and an obligatory role for postsynaptic APP in mediating presynaptic protein expression and function. Although the data strongly support the transsynaptic APP interaction model, the question arises as how could transsynaptic APP interaction take place at NMJ where the presynaptic and postsynaptic terminals are separated by the basal lamina?
The mammalian NMJ undergoes dynamic changes during development. At E14.5, motor neuron axons initiate contact with muscle fibers to form rudimentary neuromuscular synapses. This is followed by active inductive interaction between the presynaptic and postsynaptic terminals, and, at P0 and onward, postsynaptic AchR clusters and presynaptic terminals are closely apposed (Sanes and Lichtman, 1999) . Synaptic basal lamina is immature and subject to active remodeling during embryonic synaptogenesis, offering the potential for transsynaptic APP-APP interaction (Patton et al., 1997) . To explore this possibility, we examined expression patterns of APP and performed NMJ analysis in the neuronal and muscle conditional knock-out mutants at various embryonic stages. Quantitative RT-PCR analysis of APP, APLP1, and APLP2 (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material) expressions in the spinal cord and muscle samples of E12.5, E14.5, E16.5, E18.5 embryos and P0 neonates showed that APP expression was low in both spinal cord and muscle lysates at E12.5 when nerve terminals are not in contact with the muscle (supplemental Fig. S4 A, available at www. jneurosci.org as supplemental material). Interestingly, APP levels in both tissues were upregulated at E14.5, a stage that marks the initiation of synaptogenesis. Neuronal APP stayed relatively stable afterward while muscle APP expression declined. Similar to that of APP, quantitative RT-PCR analysis showed that APLP2 was also upregulated at E14.5 in both spinal cord and muscle (supplemental Fig. S4 B, available at www.jneurosci.org as supplemental material). The similar expression patterns between APP and APLP2 and the possible compensatory activities are likely the reason for the overtly normal NMJ structures in individual knock-out animals. Although induction of APLP1 at E14.5 was also evident in spinal cord samples, consistent with the P0 result, APLP1 expression was absent in the muscle at all stages examined (supplemental Fig. S4C , available at www.jneurosci. org as supplemental material).
Our previous analysis of neuromuscular structures of APP/ APLP2 dKO mutants during embryonic development documented a clear defect in E16.5, but not E14.5, stage embryos Wang et al., 2005) . Immunostaining of APP at these developmental stages showed that, although only low and diffused APP immunoreactivity could be detected in E14.5 diaphragm muscle (data not shown), at E16.5, APP was highly concentrated at the AchR-positive endplates (Fig.  5A) , offering the potential for presynaptic and postsynaptic interaction. This synaptic localization is correlated with its function as staining of E16.5 embryos of neuronal and muscle conditional knockout mutants along with the dKO embryos with synaptophysin, ␣-BTX, and neurofilament (Fig. 5B) , and quantification of endplate band width (Fig. 5C ) and number (Fig. 5D) showed that a significant defect can be established in both N-dCKO and M-dCKO mutants compared with their littermate controls. Similar to that of P0 stage, phenotypes present in the M-dCKO and APP/APLP2 dKO embryos were statistically comparable and both displayed a more severe defect compared with the neuronal deletion mutant. Since APP is targeted to the neuromuscular synapse at E16.5, when clear NMJ phenotypes can be detected in both neuronal and muscle conditional knock-out animals at this early stage of synaptogenesis, we propose a model whereby transsynaptic APP interaction mediates its activity in neuromuscular synapse assembly and synaptic transmission (Fig. 5E ). Neuronalspecific APLP1 expression most likely contributes to the less severe phenotype in N-dCKO mutants compared with their muscle counterpart. Specifically, expression of APLP1 in the presynaptic motoneuron terminals of N-dCKO mice could interact with APP expressed in the postsynaptic muscle, yielding partial activity. This potential interaction is missing in M-dCKO animals as no APP or any of its family members are expressed in the postsynaptic compartment.
A mixed-culture system to test the synaptic adhesion properties of APP Although the above studies provide substantial evidence to support the transsynaptic APP interaction, a direct test of this model proves to be difficult in neuromuscular synapse. We thus sought to investigate whether a similar mechanism exists in CNS where APP is also highly expressed. The complex nature of the CNS calls for simultaneous actions of multitude of transsynaptic signals (for review, see Dalva et al., 2007) , making the investigation of individual proteins challenging. In this regard, the mixed-culture system offers the distinct advantage for examining and quantifying the synaptic activities of individual cell surface proteins in isolation (Scheiffele et al., 2000; Graf et al., 2004; Biederer and Scheiffele, 2007) . In this assay, primary neurons are cocultured with non-neuronal cells expressing the candidate synaptic adhesion protein, and the synaptogenic effect of the candidate protein can be visualized by the recruitment of synaptic markers atop of non-neuronal cells. To examine the possible synaptogenic properties of APP, we transiently cotransfected an APP and a GFP expression construct in HEK293 cells and cocultured the transfected cells with dissociated hippocampal neurons. Cotransfection with neuroligin (NL) and GFP was performed as a positive control (Scheiffele et al., 2000) , whereas transfection of the GFP vector alone was used as a negative control (Fig. 6A ). Similar to that of NL, expression of APP but not GFP in HEK293 cells potently promoted synaptic puncta as measured by both the area of HEK293 cells covered by synaptophysin (Fig. 6 B) and the number of synaptic puncta per transfected HEK293 cell (Fig. 6C) . Overall, the synaptic promoting activity of APP is not as strong as that of NL. This quantitative difference could be attributed by their intrinsic adhesion properties or the expression levels.
To establish that APP is indeed localized to the synaptic puncta as expected for a synaptic adhesion protein, we performed double labeling of the cocultures with anti-SV2 and anti-APP antibodies, which showed that, although the transfected HEK293 cells were overall positive for APP (Fig. 6 D, APP) , the APP immunoreactivity at the synaptic sites marked by SV2 (arrowheads) was significantly stronger. We next asked whether neuronal APP was recruited to the synaptic puncta by introducing a Flag-tagged APP to primary neurons and, on coculture with APP-expressing HEK293 cells, performed costaining with anti-SV2 and anti-Flag antibodies (Fig. 6 E) . Indeed, there was significant colocalization of neuronal APP, marked by the anti-Flag immunoreactivity, with SV2-positive puncta (Fig. 6 E, arrowheads) . These data, combined with our neuromuscular synapse staining result ( 1 B), provide strong support for the synaptic localization of APP and the transsynaptic APP interaction model in both peripheral and central synapses.
Having established a synaptogenic property of full-length APP, we sought to identify the functional domains by creating the following mutants (Fig. 6 F) : APP with deletions of the E1 or E2 domains of the extracellular sequences (APP⌬E1 and APP⌬E2, respectively); APPc99, which links the ␤-secretase cleaved C-terminal fragment with the APP signal peptide and excludes both the E1 and E2 domains; APP deleting the intracellular sequences (APP⌬C); and the entire APP extracellular sequences attached to the membrane with a GPI anchor (APPex-GPI). Transfection of these constructs to HEK293 cells followed by Western blotting detected appropriate expression of the APP proteins (Fig. 6G) . Their membrane localization was confirmed by biotinylation of surface proteins (Fig. 6 H) . Coculture of HEK293 cells expressing the full-length APP or the deletion constructs with wildtype hippocampal neurons revealed that deleting the E1 (APP⌬E1) or both the E1 and E2 domains (APPc99) resulted in a significant reduction in synaptic puncta formation (Fig. 6 I, J ) , suggesting that the extracellular sequences are essential and that the synaptogenic activity is mainly conferred by the E1 domain of APP. This assessment is supported by Soba et al. (2005) , who reported that the E1 domain engages the APP-APP intercellular interaction. Nevertheless, significantly higher degree of synaptic puncta induced by APP⌬E1 compared with APPc99 indicates that the E2 domain likely also participates in this activity (Fig. 6 I, J , APP⌬E1 vs APPc99, p Ͻ 0.05). Deletion of the APP intracellular domain (APP⌬C and APPex-GPI) both resulted in prominent synaptogenic activity not statistically different from that of the full-length APP. Generally speaking, APPex-GPI resulted in higher puncta compared with APP⌬C, presumably because of better membrane anchoring of the APPex-GPI protein. Overall, these deletion studies establish that the APP extracellular domains, in particular the E1 domain, but not the intracellular sequences, are essential for synaptogenesis when expressed in HEK293 cells.
Neuronal full-length APP is necessary in mediating synaptogenesis
Having established that neuronal APP was recruited to the synaptic sites, we next asked whether it plays a functional role in synaptogenesis in the coculture assay. Since the APP family of proteins has been shown to form heterodimers (Soba et al., 2005) , to bypass the compensatory activity of APLP2, we prepared primary hippocampal neurons from APP/APLP2 dKO neonates and used neurons from APLP2-null littermates as controls. Comparison of wild-type and APLP2-null neurons cocultured with APP transfected HEK293 cells revealed similar synaptic puncta profiles (data not shown), suggesting that loss of APLP2 alone does not lead to adverse effect, an observation that is consistent with the neuromuscular system. We cocultured the APLP2-null control or APP/APLP2 dKO neurons with GFP-, NL-, or APPexpressing HEK293 cells, respectively (Fig. 7 A, B) . Comparison of synaptic puncta between the control and APP/APLP2 dKO neurons showed no difference in NL-induced puncta (Fig. 7 A, B , NL). However, both the area of HEK293 cells covered by synaptophysin immunoreactivity and the number of puncta formed per transfected HEK293 cell were greatly reduced in dKO neurons when cocultured with APP-expressing HEK293 cells (Fig.  7 A, B , APP, Ctrl vs dKO, p Ͻ 0.001). Therefore, loss of neuronal APP/APLP2 specifically impairs APP-but not NL-induced synaptogenic property. Expression of APP in dKO neurons by lentiviral infection of human APP (dKO ϩ APP) rescued the reduced synaptic puncta measured by both the area of coverage and the number of puncta per transfected HEK293 cell (Fig. 7 A, B , Ctrl vs dKO ϩ APP, nonsignificant). This rescue assay provides direct support that the reduced synaptogenic property in dKO neurons is caused by APP deficiency.
Using this neuronal rescue system, we investigated the requirement of APP functional domains by introducing the APP⌬C or APPc99 mutant constructs to dKO neurons (Fig. 7C , dKO ϩ APP⌬C and dKO ϩ APPc99), and determining their rescue activities using the full-length APP and GFP vector infected neurons as positive (dKO ϩ APP) and negative (dKO ϩ GFP) controls, respectively. Physiological expression of the APP constructs in APP/APLP2 dKO neurons were confirmed by Western blot analysis (Fig. 7E) . As expected, no rescue activity was detected by expressing APPc99 in dKO neurons (Fig. 7 F, G , dKO ϩ APPc99). However and in contrast to the dispensable role of the APP intracellular domain in HEK293 cells, expression of APP⌬C also failed to show appreciable rescue (dKO ϩ APP⌬C), suggesting that both the extracellular and intracellular sequences are necessary for neuronal APP-induced synaptogenesis. To provide additional support for this notion, we constructed an APP/SynCAM chimeric molecule by fusing the APP⌬C with the SynCAM intracellular sequences (Fig. 7 D, E) . When introduced into the dKO neurons, the APP/SynCAM fusion protein effectively rescued the synaptogenic activity (Fig. 7 F, G , dKO ϩ APP/SynCAM).
Formation of APP/Mint1/Cask complex visualized by BiFC assay
It has been proposed that presynaptic differentiation induced by neurorexin/neuroligin (NX/NL) and SynCAM class of synaptic adhesion proteins involve intracellular association with Cask and Munc18 interacting protein Mint1 (also termed X11a, herein referred as Mint1) (Hata et al., 1996; Biederer and Süd-hof, 2000; Biederer et al., 2002) . Since the SynCAM intracellular domain can replace the APP intracellular sequences in the coculture assay, and since the highly conserved YENPTY sequence of the APP intracellular domain is known to interact with the PTB (phosphotyrosine-binding) motif of Mint1 (Zhang et al., 1997) , we wondered whether APP/Mint1/Cask could also form a presynaptic complex similar to that of SynCAM. We thus explored the possible interactions of these proteins in live cells using the BiFC assay (Kerppola, 2006) by introducing various combinations of APP-, Mint1-, and Cask-split YFP (nYFP or cYFP) fusion constructs (Fig. 8) . Proper expression of the fusion proteins were established by Western blot analysis on transfection to HEK293 cells (Fig. 8 A) . As expected, coexpression of nYFP or cYFP vectors (nYFP/cYFP) or APP-nYFP/cYFP did not yield appreciable fluorescence signal (Fig. 8 B) . Expression APP-nYFP with Fe65-cYFP, a known APP binding protein, resulted in significant fluorescence. Consistent with the notion that APP forms homodimers and that Mint1 can interact with Cask and APP, respectively, coexpression of APP-nYFP/APP-cYFP, Mint1-cYFP/Cask-nYFP, or APP-nYFP/Mint1-cYFP all resulted in strong fluorescent signals. Significantly, cotransfection of APP-nYFP and Cask-cYFP with nontagged Mint1 also resulted in prominent fluorescence, suggesting that Mint1 functions as a scaffold to bring APP and Cask into one complex (Fig. 8 B, APP-nYFP/Mint1/Cask-cYFP). Indeed, consistent with the notion that APP-Mint1 interaction is mediated through the YENPTY sequence of APP, deletion of the YENPTY sequence abolished both APP/Mint1 and APP/Mint1/Cask interactions (APP⌬YENPTY-cYFP/Mint1-nYFP and APP⌬YENPTY-cYFP/Mint1/Cask-cYFP) (Fig. 8 B) . These results support the view that APP may mediate presynaptic function through the recruitment of Mint1 and Cask similar to other synaptic adhesion proteins (Hata et al., 1996; Biederer and Südhof, 2000; Biederer et al., 2002) .
Discussion
Several novel findings are presented in the current study: (1) APP is targeted to the synaptic sites of both peripheral and central synapses; (2) presynaptic and postsynaptic APP cooperate to regulate the NMJ structure and function; (3) APP induces synaptogenesis in a mixed-culture assay; (4) this synaptic promoting property requires neuronal full-length APP and may involve the formation of the APP/Mint1/Cask complex. These studies identify APP as a novel synaptic adhesion molecule, and we postulate that transsynaptic APP interaction modulates central and peripheral synapse formation and function.
Presynaptic and postsynaptic APP interaction in neuromuscular synapse development
We reported previously that the APP family of proteins plays essential roles in the developing NMJ (Wang et al., 2005 (Wang et al., , 2007 . By creating the motor neuron or muscle conditional knock-out mutants, we reveal here that APP is targeted to presynaptic and postsynaptic sites at 1:1 stoichiometry and that APP is required in both compartments for NMJ structure and function. Furthermore, presynaptic mediated CHT targeting and neurotransmission is dependent on postsynaptic APP expression. Since the NMJ defects can be detected in both neuronal and muscle conditional knock-out animals at an early stage of synaptogenesis (E16.5) before the formation of mature basal lamina, we propose that a direct interaction of neuronal and muscle APP at synaptic sites is the underlying mechanism. Among the long list of proteins that Ϫ/Ϫ control, dKO, and dKO neurons infected with APP and derivatives using the N-terminal and C-terminal antibodies 22C11 and APPc, respectively. Tubulin was used as a loading control. F, Quantification of the average area of HEK293 cells covered by synaptophysin immunoreactivity. G, Quantification of average number of Syn-positive puncta per transfected HEK293 cell. **p Ͻ 0.01 (t test) in comparison with the dKO ϩ GFP control.
has been identified to contribute to mammalian neuromuscular synapse formation and differentiation (for review, see Fox and Umemori, 2006; Kummer et al., 2006) , this is, to our knowledge, the first to demonstrate the interdependency for presynaptic and postsynaptic expression of a single protein.
It is important to note, however, that a direct interaction of APP across developing neuromuscular synapse has not been established. It remains possible that this interaction is mediated through an intermediate molecule in the synaptic cleft or through other adhesion proteins. In this regard, APP has been reported to interact with other cell adhesion molecules including neural cell adhesion molecule (NCAM) (Ashley et al., 2005) , NgCAM (neuron-glia cell adhesion molecule) (Osterfield et al., 2008) , and TAG 1 (Ma et al., 2008) . Of particular interest, studies of Drosophila NMJ revealed that transsynaptic interaction of Fasciclin II, a fly homolog of NCAM, promotes synaptic bouton formation, and this activity requires APPL and its binding partner dX11/Mint (Ashley et al., 2005) . Therefore, it is conceivable that APP may mediate synaptic adhesion through interaction with NCAM. Although this mechanism cannot be formally excluded, our in vitro and in vivo results argue against this NCAM dependency: (1) unlike APP/APLP2-null animals, mice deficient in all forms of NCAM are viable and do not exhibit overt morphological abnormalities at the developing NMJ (Moscoso et al., 1998) ; (2) whereas NCAM is negative in the coculture assay (Sara et al., 2005) , APP shows a prominent synapse promoting activity (discussed below).
A recent report by Nikolaev et al. (2009) revealed that soluble APP␤ and derivatives bind to DR6 receptor and mediate axon pruning. The authors provided physiological relevance of this pathway by showing that DR6-deficient mice exhibit NMJ phenotypes similar to that of APP/APLP2-null animals. Therefore, an alternative explanation, independent of adhesion, is that soluble, secreted APP is the functional moiety for NMJ development through DR6 interaction. Although attractive, the cell-autonomous model tested and put forward by Tessier-Lavigne and colleagues predicts that neuronal APP would be sufficient to produce the secreted forms of APP independent of muscle, and such a prediction would be incompatible with the interdependency of presynaptic and postsynaptic APP revealed by our conditional knock-out study. However, it is worth noting that the APP-DR6 interaction is mediated specifically through sAPP␤, whereas the entire APP, in particular both sAPP␣ and sAPP␤, are simultaneously affected in our conditional knock-out system. The possible distinct or even contrasting activities of sAPP␣ and sAPP␤ may complicate the interpretation of the results. A direct test of the role of DR6 -APP in vivo awaits the creation of a sAPP␤-specific allele.
Transsynaptic APP interaction in central synaptogenesis
Supporting the model whereby transsynaptic APP interaction mediates neuromuscular synapse development, using a primary neuron/HEK293 coculture assay, we demonstrate that expressing APP in HEK293 cells promotes synaptogenesis in contacting axons. Among the numerous synaptic adhesion proteins identified, including NX/NL, EphB/ephrin, SynCAM, NCAM, and N-cadherin, which mediate various aspects of synaptic processes through transsynaptic heterophilic or homophilic interactions (for review, see Akins and Biederer, 2006; Dalva et al., 2007) , NX/NL and SynCAM have been well documented to promote synapse formation in the coculture assay (Scheiffele et al., 2000; Biederer et al., 2002; Graf et al., 2004; Sara et al., 2005; Fogel et al., 2007) . APP, like NX/NL and SynCAM, are type I membrane proteins, and our coculture studies revealed remarkable similarities between APP and NX/NL and SynCAM class of synaptic adhesion proteins. For example, like NL (Scheiffele et al., 2000) , the APP intracellular domain is not required to induce presynaptic structure in contacting axons. Similar to that of SynCAM (Biederer et al., 2002) , neuronal expression of full-length APP is necessary for presynaptic puncta formation. That the SynCAM intracellular domain can functionally replace the corresponding APP sequence and that the latter can also form a complex with Mint1 and Cask, presynaptic complexes associated with neurorexin and SynCAM intracellular domains (Hata et al., 1996; Biederer and Südhof, 2000; Biederer et al., 2002) , further provide strong support that the APP synaptic function is mediated through similar mechanisms. In addition to formation of the common Mint1/Cask complex, specific regulation by the adhesion proteins may be conferred through recruitment of additional molecules. For instance, we previously reported that APP potently regulates CHT in both NMJ and in central cholinergic neurons (Wang et al., 2007) . Our current finding supports the idea that this is mediated through a concerted action of presynaptic and postsynaptic APP expressed in cholinergic terminals and their target neurons, respectively. Since APP and its family members are abundantly expressed in CNS, we propose that this transsynaptic APP interaction is not limited to cholinergic synaptic transmission, but represents a functional moiety in regulating multiple neuronal circuits in central synapses. The specific proteins involved in these processes and the precise nature of the synaptic regulation remain to be elucidated.
The transsynaptic model calls for the necessity of expressing membrane anchored APP. This assessment appears to contradict studies by Hornsten et al. (2007) and Ring et al. (2007) , who reported that the lethal phenotype in apl-1-null worm and spatial learning and long-term potentiation impairment in APP deficient mice can be rescued by expressing only their soluble extracellular derivatives, respectively. The lethality of the apl-1-deficient worm is likely caused by a molting instead of a synaptic defect. The lack of apparent involvement of the APP intracellular domain in APP-mediated synaptic plasticity reported by Ring et al. (2007) could be attributable to the fact that the synaptogenic activity of APP studied here and those mediating synaptic plasticity are executed through independent mechanisms. Indeed, neuronal APP and its cleavage products have been shown to be differentially sorted and independently transported (Muresan et al., 2009) . Of interest, Muresan and Muresan (2005) provided data to show that APP phosphorylated at the conserved Thr668 site is preferentially transported to the nerve terminals, and this process is kinesin dependent and can be distinguished from the nonphosphorylated APP. Therefore, it is conceivable that a distinct pool of full-length APP, possibly marked by its phosphorylation status, is targeted to the synaptic plasma membrane and engages transsynaptic interaction, whereas the soluble, secreted APP derivatives are produced from other compartments.
Synaptic adhesion and CNS diseases
APP, NL/NX, and SynCAM each contains multiple family members and isoforms. This creates a multitude of possible combinations of transsynaptic interactions, which could confer the complex and precise nature of the central synapses; and their dysregulation may lead to neurodevelopmental and neurodegenerative disorders. The critical importance of synaptic adhesion proteins in brain function is highlighted by the finding that mutations in neurexins and neuroligins are associated with autism spectrum disorders (Jamain et al., 2003; Autism Genome Project Consortium et al., 2007) . Of direct relevance to APP and AD, impairment of cholinergic neurons is a cardinal feature of AD pathogenesis. Our finding that transsynaptic APP-APP interaction regulates CHT function indicates that dysregulation of APP synaptic adhesion activity may contribute to cholinergic neuronal vulnerability. Furthermore, APP dimerization has been shown to affect APP processing (Kaden et al., 2008) , and activity-dependent APP processing and A␤ production has been documented to suppress excitatory synaptic transmission by postsynaptic removal of AMPA receptors (Kamenetz et al., 2003; Chang et al., 2006; Hsieh et al., 2006) . Whether transsynaptic APP interaction is involved in this process is an interesting question that awaits additional investigation. Nevertheless, it is worth noting that A␤ has been reported to be produced and released at nerve terminals in CNS and that synaptically generated A␤ has been shown to contribute to amyloid pathology (Lazarov et al., 2002) . On a boarder perspective, synaptic dysfunction is widely viewed as causative to AD pathogenesis. Our finding that APP plays a direct role in regulating synaptogenesis through a transsynaptic mechanism makes it a legitimate possibility that misregulation of APP synaptic adhesion activity, in an A␤-dependent or -independent manner, may contribute to synaptic dysfunction and AD pathogenesis.
